Aims. Pair creation supernovae (PCSN) are thought to be produced from very massive low metallicity stars. The spectacularly bright SN 2006gy does show several signatures expected from PCSNe. Here, we investigate the metallicity threshold below which PCSN can form and estimate their occurrence rate. Methods. We perform stellar evolution calculations for stars of 150 M and 250 M of low metallicity (Z /5 and Z /20), and analyze their mass loss rates. Results. We find that the bifurcation between quasi-chemically homogeneous evolution for fast rotation and conventional evolution for slower rotation, which has been found earlier for massive low metallicity stars, persists in the mass range considered here. Consequently, there are two separate PCSN progenitor types: (I) fast rotators produce PCSNe from very massive Wolf-Rayet stars, and (II) slower rotators that generate PCSNe in hydrogen-rich massive yellow hypergiants. Conclusions. We find that hydrogen-rich PCSNe could occur at metallicities as high as Z /3, which -assuming standard IMFs are still valid to estimate their birth rates -results in a rate of about one PCSN per 1000 supernovae in the local universe, and one PCSN per 100 supernovae at a redshift of z = 5. PCSNe from WC-type Wolf-Rayet stars are restricted to much lower metallicity.
Introduction
Pair creation supernovae (PCSNe) are thought to be produced by stars which are, and remain throughout their lives, very massive. As they are radiation pressure dominated, the electronpositron pair production occurring in their cores for temperatures in excess of ∼10 9 K can decrease the adiabatic index below 4/3 and destabilize the core (Fowler & Hoyle 1964; Kippenhahn & Weigert 1990) . While the most massive stars ( > ∼ 260 M ) are thought to collapse into black holes (Bond et al. 1984; Heger & Woosley 2002) , the ensuing explosive oxygen burning may disrupt stars with initial masses in the range of ∼100 M ...260 M and thus produce a pair creation supernova (Ober et al. 1983; Heger & Woosley 2002) .
PCSNe have mostly been considered in the context of pregalactic (Pop III) stars (Ober et al. 1983; Heger & Woosley 2002) , since locally very massive stars are thought to lose mass at a high rate: a Galactic 120 M star is expected to end as a Wolf-Rayet star with a mass of the order of 10 M (Meynet & Maeder 2005) . Heger et al. (2003) pointed out that there is a finite metallicity threshold below which PCSNe would occur, due to the strong metallicity dependence of massive star winds. However, this metallicity threshold has not been investigated in detail. The interest in this has been triggered by the recent supernova 2006gy, the brightest supernova which was ever found. Its properties might well correspond to a PCSN: its extreme brightness could relate to a large radius in combination with a high nickel mass (Smith et al. 2007; Scannapieco et al. 2005) , and its slow evolution and expansion velocity correspond well to PCSN explosion models (Heger & Woosley 2002; Scannapieco et al. 2005) . This raises the question of the likelihood of PCSNe occurring in the local universe. This question is intrinsically interesting, independent of the particular event of SN 2006gy.
To this end, we investigate the metallicity threshold for the occurrence of PCSNe. We perform stellar evolution calculations into the PCSN regime, to investigate the possible range of properties of PCSN progenitor stars. As the fate of potential PCSN progenitors depends mostly on stellar mass loss rates, we then discuss the relevant mass loss rates and derive metallicity thresholds for the main branches of PCSNe. Finally, we estimate the occurrence rate of PCSNe, and their progenitor stars, in the local universe and at high redshift.
Stellar evolution models
We have computed several stellar evolution sequences for initial masses of 150 M and 250 M at low-metallicity (Table 1 ). All physical ingredients and assumptions in these calculations are identical to the ones by Yoon et al. (2006; hereafter YLN06) . In particular, the mass loss recipe of Kudritzki et al. (1989) with a metallicity scaling proportional to (Z/Z ) 0.69 (Vink et al. 2001 ) was used to compute the mass loss rate of main sequence stars. This scaling is consistent with the empirically derived scaling law (Mokiem et al. 2007 ). For Wolf-Rayet phases, mass loss was computed according to Eq. (1) of YLN06, which includes mass Table 1 . Key properties of the computed sequences: initial mass, metallicity and rotation rate, total main sequence and post main sequence mass loss, final total, He-core and CO-core mass, pre-SN luminosity, effective temperature, and radius, and central temperature of last computed model, and fate (cc = iron core collapse, PCSN = pair creation supernova). Figer et al. (1998) are shown (green lines); they end during core hydrogen burning, when their surfaces become unstable.
loss enhancement for metal-enriched surfaces, and a metallicity scaling as proposed by Vink & de Koter (2005) . For cool stars, we used the mass loss rate of Nieuwehuijzen & de Jager (1990) with a metallicity scaling of (Z/Z ) 0.50 . The scaling relations and the computed stellar models are based on the Anders & Grevesse (1989) solar system heavy element distribution.
All sequences have been computed including the physics of rotation and rotationally induced mixing and magnetic fields, as in YLN06. We computed models for slow rotation, i.e. with an initial equatorial rotation rate of 10 km s −1 , and for fast rotation, adopting rotation at 500 km s −1 or about 40% of Kelperian rotation (Table 1) . As for the low-metallicity stars of lower mass computed by YLN06, we find the rapid rotators to evolve quasichemically homogeneous. This is to be expected, since rotationally induced mixing is faster in more massive stars, where gas pressure becomes less and radiation pressure more important. YLN06 found quasi-chemically homogeneous evolution for v rot,i /v Kepler > 0.2 at 60 M , which was their largest considered Table 1 ) evolve quickly into Wolf-Rayet stars ( Fig. 1) , and lose large amounts of mass and angular momentum; they end at 7 M (Z/Z = 0.2) and 23 M (Z/Z = 0.05). Due to their reduced mass, they avoid the pair creation instability regime and undergo stable oxygen burning (Fig. 2) , evolving towards iron core collapse. We also show the trajectory of a rapidly rotating
−4 of YLN06 in Figs. 1 and 2, to illustrate that, if strong mass loss is avoidedi.e. for low enough metallicity −, the chemically homogeneous models may also develop into PCSNe (Sect. 3.2). This model ends with a total mass of about 51 M and will likely undergo iron core collapse, but Fig. 2 shows that it evolves very close to the PCSN regime.
As shown in Fig. 1 , our slowly rotating models (Seq. No. 1, 3, 5) pursue more conventional tracks in the HR diagram and evolve redward after core hydrogen burning. The total amount of mass lost during core hydrogen burning is rather moderate for those models (Table 1) ; their surfaces do not become enriched by hydrogen burning products. After core hydrogen exhaustion, these stars evolve into cool supergiants. None of the models becomes cool enough to form dust; their effective temperatures remain higher than 4200 K (see also Maeder & Meynet 2001) . The lower metallicity models of 150 M and 250 M (Seq. No. 3 and 5) suffer significant mass loss during core helium burning. However, the helium core of both stars is not affected by the mass loss, and both models evolve into the pair creation instability and start collapsing before core oxygen ignition (Fig. 2) .
According to our mass loss prescription, the 150 M sequence at Z/Z = 0.2 loses about all of its hydrogen-rich envelope during core helium burning. Numerical problems prevented us from computing this model to core helium exhaustion. An extrapolation of the mass loss rate during the core helium burning stage up to core helium exhaustion leads to expect a total mass loss during core helium burning of the order of 90 M ; this would bring the star onto the Wolf-Rayet branch and into the core collapse regime. However, we can not exclude that this star would settle in the blue supergiant regime where mass loss is smaller. Therefore, the fate of this model remains uncertain.
PCSN metallicity thresholds
Most important for estimating the metallicity thresholds for PCSNe are the mass loss rates of very massive stars during their evolution. From the evolutionary models shown above, it is clear that for the rapid rotators, the Wolf-Rayet mass loss is detrimental. For slow rotators it is the mass loss on the main sequence, and in the cool supergiant stage. A problem in evaluating this quantitatively is that the required mass loss rates are not accessible observationally, and that theoretical estimates have to be stretched quite far to yield numbers in the required luminosity and metallicity range. In the following, we discuss mass loss for slowly and fast rotating models, separately.
Slow rotation
Our slowly-rotating 150 M model at Z/Z = 0.2 has a mainsequence mass loss of only about 14 M . Ignoring, for the moment, mass loss in post-main sequence phases, this would be sufficiently low to allow for a PCSN. To estimate the critical metallicity Z PCSN,MS above which already the main sequence mass loss in itself is such that a PCSN is no longer possible -i.e. when it exceeds, say, a third of the initial stellar mass -we use the Vink et al. (2001) mass-loss recipe. Note that the predicted absolute mass loss rates following from this recipe are on average some 50 percent higher than those from the Kudritzki et al. (1989) prescription which we used in computing our models. Also, the estimates given in Table 2 are based on a representative mass-loss rate for the entire main sequence (see table caption). Keeping these uncertainties in mind, we find that Z PCSN,MS /Z is about 1/3.
Currently, the main sequence mass-loss rates of O and early-B type stars are under debate (Bouret et al. 2005; Fullerton et al. 2006) . Empirical rates may have been overestimated because of the neglect of density inhomogeneities (or clumping) in the spectroscopic analysis of wind sensitive lines. Mokiem et al. (2007) show that if the clumping is modest, observations will match with the Vink et al. predictions. If, however, clumping in the outflows of these stars is severe, theoretical mass-loss rates may be significantly overestimated. In that case, the critical metallicity Z PCSN,MS may be even be super-solar. Here, we do not consider this possibility. Baraffe et al. (2001) investigated the pulsational instabilities of PCSN progenitors of various metallicities, in order to estimate Table 2 . Estimated main sequence mass loss according to Vink et al. (2001) , using T eff = 40 000 K and v ∞ /v esc = 2.6. For the 150 M case, we adopted log L/L = 6.5 and τ = 2.8 Myr, while for the 250 M case log L/L = 6.8 and τ = 2.5 Myr. pulsation driven mass loss rates for those stars. While they found the ε-mechanism to be unimportant, the κ-mechanism was found to occur in 120 M main sequence models of solar and half-solar metallicity, but not at Z /100 or below. However, the local character of the stability analysis did not allow Baraffe et al. to estimate mass loss rates from pulsations driven by the κ-mechanism.
The post main sequence mass loss of slowly rotating potential PCSN progenitors, i.e. for yellow supergiants, is more difficult to assess. None of our models evolves into the red supergiant regime, where dust formation might boost the mass loss rate. However, one important question is whether the stars, on their way to cool temperatures, would become Luminous Blue Variables (LBVs) and suffer from eruptive mass loss. While a good theoretical understanding of the LBV phenomenon is still lacking, metal-rich models of very massive stars do become unstable for effective temperatures significantly below 20 000 K, as these models have high enough Rosseland-mean opacities in their outermost layers to hit the Eddington limit (Figer et al. 1998 ; Fig. 1 ). Our low metallicity models here do not encounter this problem (see also Maeder & Meynet 2001 ). We take this as an indication that an LBV-type mass loss can be avoided at the metallicities considered here.
The yellow supergiant mass loss rate is very uncertain. The metallicity-scaled rate of Nieuwehuijzen & de Jager (1990) as used in our models implies a post-main sequence wind induced metallicity threshold for PCSN between Z/Z = 0.2 and Z/Z = 0.05: The post main sequence mass loss of sequences #1 and #3 is ∼90 M and 53 M , which certainly in the latter case leaves a massive enough CO-core to undergo PCSN (see Table 1 and Fig. 2) . However, the physics of the winds from yellow supergiants is not well understood, and the applied metallicity scaling might be inappropriate for cool stars. Schröder & Cuntz (2005) work out a mass loss rate based on the physics of thermally driven winds, in which case no metallicity dependence is expected. Schröder & Cuntz (2007) show that this mass loss rate fits observations well over the whole observationally accessible dwarf, giant and supergiant regime (up to log L/L 5). If we extrapolate it to our 150 M models at T eff = 4000 K, we obtain a mass loss rate of 1.9 × 10 −5 M yr −1 , or a total mass loss of 5.2 M over the post main sequence life time. Interestingly, the pre-SN mass loss rate of SN 2006gy is constrained by the soft X-ray measurements to 1...5 × 10 −4 M yr −1 , which, extrapolated over 3 × 10 5 yr would result in a mass loss of 30...140 M . We conclude that, while there is a large uncertainty, the consideration of post main sequence mass loss can currently not be used to exclude PCSNe from slowly rotating massive stars with metallicities below the value of Z PCSN,MS /Z = 1/3.
Fast rotation
The fast rotating PCSN progenitor candidates undergo quasichemically homogeneous evolution (Yoon & Langer 2005; YLN06; Woosley & Heger 2006 ). This will lead to a smaller minimum initial mass for PCSN formation if mass loss is negligible (see below). The quasi-chemically homogeneous models evolve into Wolf-Rayet stars already during core hydrogen burning. As the mass loss rates during the core hydrogen burning Wolf-Rayet stage is significantly higher than the mass loss rate of the slowly rotating counterparts (Table 1) , our rapidly rotating 150 M star at Z/Z = 0.2 loses already 74 M during core hydrogen burning, which disqualifies it as a PCSN progenitor (Fig. 2) . However, during the core hydrogen burning Wolf-Rayet stage, photon scattering with iron ions provides the main force to drive the stellar wind, which is strongly decreasing at least down to metallicities of Z/Z = 10 −4 (Vink & de Koter 2005) . Consequently, looking at our rapidly rotating models (Table 1) , rapid rotators may only evolve into a PCSN if their metallicity is below Z/Z = 0.05.
During the post-main sequence evolution, the surfaces of the rapid rotators are quickly enriched with carbon and oxygen, transforming them into WC-type Wolf-Rayet stars. This enhances the mass loss rate, especially for Z/Z < 0.1 (Vink & de Koter 2005) . The final masses of our rapidly rotating 150 M sequences are 7 M and 23 M , indicating that the metallicity limit to allow for PCSNe from initially rapidly rotating stars is much smaller than Z/Z = 0.05. Vink & de Koter (2005) predict that the WC-type mass loss rate reaches a lower limit at about Z/Z = 10 −4 , and extrapolating their results to 150 M and 250 M predicts only about 4 M and 9 M being lost during the WC stage at Z/Z = 10 −4 . Therefore, PCSNe are likely to occur from the lowest metallicity rapid rotators. This agrees with the fact that the rapidly rotating 60 M models at Z/Z = 5 × 10 −4 of YLN06 lose only about 10 M and are actually very close to the pair-instability (Figs. 1 and 2) . We conclude that the metallicity threshold for PCSN from the rapidly rotating branch is roughly at Z/Z = 10 −3 .
Observational consequences
In the following, we want to discuss occurrence and detection rates of PCSNe at various redshifts. For this purpose, we assume that slowly rotating massive stars produce PCSNe for initial masses in the range 140 M to 260 M (Heger & Woosley 2002) and for Z/Z < 1/3, while rapid rotators do so for initial masses above 80 M and for Z/Z < 1/1000. The uncertainties in the post-main sequence mass loss rates discussed above imply that this way we derive upper limits to the occurrence and detection rates. The occurrence rate of PCSNe depends decisively on the formation rate of stars with masses above the mentioned limits. Not much is known about that, due to the strong decline of the initial mass function (IMF) with mass. Figer (2005) finds that in the Arches cluster close the the Galactic center, there is a firm upper limit to the IMF at 150 M . On the other hand, Kudritzki et al. (1996) give evidence for stars with masses of up to 200 M in the LMC. In any case, PCSN initial masses could be lower than the numbers suggested by Heger & Woosley (2002) , either due to rotational mixing (Sect. 3.2) or due to efficient convective core overshooting which is not well constrained at the considered masses. In lieu of more meaningful constraints especially at low metallicity, we simply use the Salpeter IMF to estimate the birth rate of PCSN progenitors. Table 3 . PCSN-to-SN ratios at various redshifts z, for two different PCSN-metallicity thresholds Z PCSN (first 2 lines), and for PCSNe from rapid rotators with a metallicity threshold of Z /1000. Here f r is the fraction of rapid rotators; according to YLN06 (their Fig. 5 ), it might be f r 0.25. 
Local universe
In the local universe, the ratio of the birth rate of massive stars with Z/Z < 1/3 to that of all massive stars is about 1/10 (Langer & Norman 2006), which then results in a local PCSN/SN-ratio of about 1/1000 (Table 3) . Most PCSNe locally are expected to occur in yellow hypergiants with massive hydrogen-rich envelopes, since PCSNe produced from initially rapidly rotating stars are expected to be negligible in the local universe. The large radii of these PCSN progenitors (Table 2) will lead to very bright events (Young 2004; Scannapieco et al. 2005) . The large ejecta mass and slow expansion velocity of PCSNe (Heger & Woosley 2002; Scannapieco et al. 2005 ) implies a supernova light curve with a broad maximum. All this appears to be consistent with SN2006gy (Ofek et al. 2007; Smith et al. 2007) . If SN2006gy were a typical PCSN, it being about 10 times brighter, and shining about twice as long as an average supernova ( Fig. 2 in Smith et al. 2007) would imply an increased detection probability of 2 × 10 3/2 60 for PCSNe. I.e., the ratio of the detection probability of a PCSN to that of an average supernova in a local magnitude-limited search would work out to be 0.06, a number which appears too high to account for only one observed case. Thus, either SN2006gy is not a typical PCSN, or the PCSN metallicity threshold is lower than Z /3.
In fact, Herzig et al. (1990) derived realistic light curves for PCSNe, and considering compact progenitor models for PCSNe at the lower mass limit. They found a maximum bolometric brightness of only M bol −14.6 mag, compared to M bol −22 mag for SN2006gy (Smith et al. 2007) . This is consistent with only small amounts of 56 Ni being produced in the lower third or so of the PCSN progenitor mass range according to Heger & Woosley (2002) , while the nickel mass implied for SN2006gy is of the order of 20 M (Smith et al. 2007) , which would require a progenitor mass in the upper part of the PCSN progenitor mass range. On the other hand, our slowly rotating 150 M model at Z /20 (Seq. #3) explodes with a very large radius (3300 R ; Table 1 ), which may lead to a high peak brightness even without a large amount of radioactive energy input (Young 2004) . Scannapieco et al. (2005) compute light curves of population III PCSNe, and find a wide range of peak luminosities and light curve peak widths. Furthermore, the fraction of stars which rotates rapidly enough to undergo chemically homogeneous evolution (YLN06) does not contribute significantly to the number of PCSN in the local universe. Additionally, supernova searches are not optimally designed to find bright, rare objects with long (∼1 yr) time variations. Thus, for a PCSN metallicity threshold of Z /3, the detection PCSN probability may be of the order 0.001/SN if their progenitors form according to a Salpeter IMF. Adopting a star formation rate in the local universe of 0.0063 M yr −1 Mpc −1 (Bouwens et al. 2004 ) results in about one PCSN per year within a radius of 100 Mpc for Z PCSN = Z /3, and one per 10 years for Z PCSN = Z /10. We note that the metallicity of NGC 1260, the S0/Sa peculiar host of SN 2006gy, is estimated from the Mg 2 index to be > ∼ Z /2 (Ofek et al. 2007) . Given the theoretical and observational uncertainties, we do not consider this as evidence against SN 2006gy being a PCSN.
We want to point out that also the progenitors of PCSNe might be detectable in the local universe. They have luminosities in the range log L/L 6.4...6.9 and since they have only small bolometric corrections this translates into M bol M V −11.2...−12.5 mag. This makes them 13th magnitude stars at 1 Mpc distance. Even the progenitor of SN 2006gy at a distance of 73 Mpc (Smith et al. 2006 ) might have been visible with m V 22 mag, or with m V 24 mag including two magnitudes extinction (Smith et al. 2007 ). For the local star formation rate quoted above, we expect about 200 000 yellow hypergiant progenitors for Z PCSN = Z /3, and ten times less for Z PCSN = Z /10, within a radius of 100 Mpc.
The Small Magellanic Cloud may be a local test case for the PCSN metallicity threshold. If its metallicity (∼Z /5) is below the threshold, then from the number ratio of O to WR stars of 0.015 (with O stars being stars more massive than about 15 M ), and about 10 WR stars (Azzopardi et al. 1988) , we expect about 14 O stars stars above 140 M , and about one PCSN progenitor in the YSG phase, and a PCSN rate of the order of 10 −6 yr −1 . We believe that none of these numbers can exclude that the SMC metallicity is indeed below the PCSN threshold.
High z, low Z universe
The formalism of allows to compute the occurrence rates of PCSNe in the high redshift universe for different metallicity thresholds. Table 3 shows that at redshift z = 2, the PCSN/SN ratio is 4 or 10 times higher than locally, for Z PCSN = Z /3 and Z PCSN = Z /10, respectively. In the first case, the metallicity bias for PCSNe has vanished at redshift z = 5. The fraction of PCSNe from rapid rotators remains negligible even out to a redshift of z = 5. However, PCSNe from rapid rotators may be more numerous in the Pop III era.
In environments with Z < Z PCSN , PCSNe may also significantly contribute to the nucleosynthesis. Even though PCSNe constitute only 1% of the supernovae in that case, they encompass 10% of the mass which star formation incorporates into supernova progenitors. And while core collapse supernovae produce from zero up to a few solar masses, a PCSN liberates 50...120 M of metals; i.e., PCSNe might produce about half of all metals (Heger & Woosley 2002; Umeda & Nomoto 2002) . Thus, the consideration of their yields may significantly constrain the number of PCSNe. Extensive PCSN yields have been computed so far only for Z = 0, and the lack of an odd-even pattern in intermediate mass elements of extremely metal-poor halo stars appears to question the existence of Population III PCSNe (Heger & Woosley 2002; Umeda & Nomoto 2005) . Detailed nucleosynthesis calculations for PCSNe at Z Z /3 are presently not available, but Heger & Woosley's zero metallicity PCSN models show a "surprising overall approximate agreement" with solar system abundances in the range oxygen to nickel. Ballero et al. (2006) find that the nucleosynthesis signature of Pop III PCSNe can not affect the predicted abundance ratios for the evolution of the Milky Way, even in its earliest evolutionary phase. Therefore, it may be difficult to rule out a PCSN metallicity threshold as high as Z Z /3 on nucleosynthesis reasons at present. Metallicity dependent PCSN yields and subsequent chemical evolution modeling is needed to obtain more stringent constraints on Z PCSN from nucleosynthesis.
In general, detecting low redshift PCSNe and understanding their physical properties will be a significant help in designing observational studies to observe PCSNe with JWST at high redshift and very low metallicity.
